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摘要 
海洋赤潮的频繁爆发、范围扩大，加剧了海洋灾害，对我国近岸海域环境质
量亮出了红牌。赤潮灾害反复爆发的重要成因之一是休眠性孢囊，又称赤潮“种
源”，在合适条件下萌发后爆发性增殖。如何高效杀灭具有坚硬外壳的赤潮藻孢
囊是学术界研究的重点和难点之一。依托国家科技支撑计划项目(2013BAC06B01、
2013BAC06B02)和科技部创新人才推进计划重点领域创新团队(2015RA4008)，
本文利用大气压强电离放电产生高浓度气态氧活性碎片，注入管路后和海水碰撞
反应，在微气泡破裂的极端高温高压条件下生成高浓度•OH，在管路中实现快速
高效杀灭锥状斯氏藻孢囊，主要结果如下： 
(1)利用 SYTOX Green 荧光染色法判断锥状斯氏藻孢囊死活，确定了•OH 杀
灭孢囊的剂量、时间和 CT 阈值。 
•OH 法杀灭有机质壁孢囊和钙质壁孢囊的剂量分别为 1.46 和 1.90 mg/L，仅
为蛋白酶抑制剂方法的 1/27，CuSO4 法的 1/105 和 H2O2 法的 1/1316； 
•OH 法杀灭有机质壁孢囊和钙质壁孢囊的时间分别为 3.1 和 4.1 s，仅为蛋白
酶抑制剂方法的 1/878，甲萘醌法的 1/1756 和 H2O2 法的 1/42146； 
•OH法杀灭有机质壁孢囊和钙质壁孢囊CT阈值分别为0.24和0.28 mg·min/L，
仅为 ClO2 法的 1/25714，CuSO4 法的 1/107142 和 H2O2 法的 1/428571； 
(2)通过萌发实验判断•OH 对锥状斯氏藻孢囊萌发率的影响，结果表明，在杀
灭阈值下，钙质壁孢囊和有机质壁孢囊萌发率均为 0，表明孢囊失去了萌发为营
养细胞的潜能，被彻底杀灭。 
(3)进行了•OH 处理锥状斯氏藻孢囊的形态学分析。结果表明，杀灭阈值下，
•OH 不破坏孢囊整体结构，由孢囊壁表面细小裂纹处进入孢囊体内，氧化降解叶
绿素，破坏 DNA，分解内容质，彻底杀灭具有坚硬外壳的孢囊。 
(4)进行了•OH 和常规药剂的对比实验，结果表明，•OH 杀灭锥状斯氏藻孢
囊的 CT 阈值为 0.28 mg·min/L；ClO2完全杀灭孢囊的 CT 阈值为 7200 mg·min/L，
为•OH 的 2.6×104 倍；CuSO4 的 CT 阈值为 30000 mg·min/L 时仅杀灭 12.9%的孢
囊，为•OH 的 10.7×104 倍；H2O2 的 CT 阈值为 120000 mg·min/L 时仅杀灭 24.1%
的孢囊，为•OH 的 42.9×104 倍。综上，只有•OH 可以快速高效杀灭锥状斯氏藻孢
囊，具有常规药剂无可比拟的优势。 
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综上，本文利用大气压强电离放电制备高浓度•OH，首次实现了快速高效杀
灭具有坚硬外壳的锥状斯氏藻孢囊，初步探究了•OH 杀灭孢囊的生物学过程，为
防控赤潮灾害和外来生物入侵提供了全新方法。 
关键词：羟基自由基；强电离放电；赤潮；休眠性孢囊；锥状斯氏藻 
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Abstract 
The frequent outbreak of red tides is a serious threat to the ecological safety, 
economy and public health. One of the most important reasons for the frequent outbreak 
of red tides is the resting cysts stored in the sediment and ballast water, which will 
germinate and lead to a rapid reproduction in algae density under suitable 
environmental conditions. However, the resting cysts are resistant to normal algaecides 
because of their thick cyst walls. Therefore, how to inactivate the resting cysts quickly 
and efficiently is one of the biggest challenges in handling red tides and preventing 
from invasive species. Hydroxyl radical (•OH) is a strong oxidant with high reaction 
rate and friendly to the environment when applied to the inactivation of red tide algae 
cysts. So, advanced oxidant technology (AOT) based on •OH is a perfect way to reach 
a quick and efficient inactivation of resting cysts. In this paper, a •OH treatment system 
based on a strong ionization discharge is established and applied to inactivate the resting 
cysts of a typical red tide algae Scrippsiella trochoidea. Also, the effect of •OH on the 
morphology and germination potential of cysts is studied. In addition, this paper 
compares the effect of •OH and three typical algaecides. Here are the main conclusions: 
(1) An atmospheric strong ionization discharge is used to achieve the production 
of •OH which is applied to inactivate the two types of S.trochoidea resting cysts. The 
dose-effect and time-effect of •OH on the inactivation of cysts are studied, results are 
as follows. When the total reactive oxidant (TRO) is 1.46 mg/L and the treatment time 
is 3.1 s, the concentration of naked-type cysts reduce to zero from 531 cells/mL. In 
addition, when TRO is 1.90 mg/L and treatment time is 4.1 s, the spiny-type cyst reach 
0 when the beginning concentration is 634 cells/mL. The TRO decay kinetics is studied 
and used to calculate the CT value of •OH on the inactivation of spiny-type and naked-
type cysts. The CT value of •OH on the naked-type cysts is 0.24 mg·min/L when the 
inactivation rate is 100% while the CT value on the spiny-type is 0.28 mg·min/L. In 
general, •OH can achieve a quick and efficient inactivation of S.trochoidea resting cysts. 
In addition, the •OH treatment can improve the water quality to a certain extent. 
Moreover, bromate is not detected. 
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(2) This paper investigates the change of germination potential of S.trochoidea 
resting cysts before and after •OH treatment. And the result show that the germination 
rate of spiny-type and naked-type cysts is reduced to zero under the killing dose which 
means the cysts lose the potential to become a vegetative cell. The change in 
germination potential means that •OH achieves the complete inactivation of the “seed” 
of rea tide. 
(3) The effect of •OH on the cell morphology, photosynthesis activity, damage on 
DNA and ultrastructure of the cysts is also investigated. SEM results show that under 
the killing dose 1.90 mg/L, the structure remains intact while •OH can cause slight 
damage on the cyst wall and get in the cyst cell. When •OH enters the cyst cell, •OH 
can destroy the cell membrane permeability, degrade the intracellular organic matter 
and oxidize biological macromolecules including the chlorophyll, oil droplets and 
nucleus. However, when the TRO reaches 4.12 mg/L, the cysts get ruptured leading to 
the leakage of DOC that is the precursor of disinfection by-products (DBPs). 
(4) CuSO4, H2O2 and ClO2 are typical algaecides that are widely used worldwide. 
The comparison of •OH and the three algaecides on the inactivation of S.trochoidea 
resting cysts is investigated. When the CT value of CuSO4 is 30000 mg·min/L, the 
inactivation rate of S.trochoidea resting cysts is 12.9%. Also, the inactivation rate of 
S.trochoidea resting cysts reaches 24.1% when the CT value of H2O2 is 120000 
mg·min/L. ClO2 can achieve 100% inactivation rate when the CT value is 7200 
mg·min/L. However, the CT value of •OH is 0.28 mg·min/L which is much lower than 
the three typical algaecides. The reason why •OH has a much lower CT value is that 
•OH is a strong oxidant and has much higher reaction rate which enables it to cause 
damage on the cyst wall, enter the cyst cell and oxidize biological macromolecules. 
In general, this paper establishes the •OH treatment system based on an 
atmospheric strong ionization discharge and achieves the inactivation of resting cysts 
of typical red tide algae S.trochoidea. Also, the mechanism of •OH on the inactivation 
of S.trochoidea cysts is explored and the comparison of three typical algaecides and 
•OH is clarified. In a word, the •OH treatment system offers new method to prevent the 
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sea away from red tide and invasion species. 
Key Words: Hydroxyl radical; Strong ionization discharge; Red tide; Resting cyst; 
Scrippsiella trochoidea 
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第 1 章 绪论 
1 
 
第1章 绪论 
海洋赤潮的频繁爆发、范围扩大，加剧了海洋灾害，严重影响海洋生物的生
存，对我国近岸海域环境质量亮出了红牌。部分赤潮反复爆发的成因之一是累积
于海底沉积物的具有坚硬外壳的休眠性孢囊，也被称为赤潮的“种源”，在合适
的环境下萌发并大量增殖，形成大规模赤潮[1]。如何杀灭具有坚硬外壳的赤潮藻
孢囊是学术界研究的重点和难点之一。赤潮藻孢囊具有坚硬的孢囊壁，而常规杀
藻剂如 Cl2、CuSO4 和 H2O2 等均无法有效破坏孢囊壁，难以实现对孢囊的快速高
效杀灭。因而必须采用全新的方法对赤潮藻孢囊进行杀灭，大气压强电离放电方
法可规模化制备高浓度羟基自由基，是快速高效杀灭具有坚硬外壳的赤潮藻孢囊
的潜在方法。 
1.1 赤潮藻孢囊是赤潮爆发的主要成因之一 
赤潮(Red tide)，又称为有害藻华(Harmful algal blooms，HABs)，是指浮游植
物或者原生动物进行爆发性繁殖，进而引起海洋水体发生变色的有害生态现象。
随着我国沿海地区的发展，人口的增长和经济活动的加剧造成了近海海域营养盐
的大量输入，富营养化现象日益加剧，为赤潮的爆发带来了物质基础[2]。而在赤
潮爆发后期，部分赤潮藻可形成休眠性孢囊，休眠性孢囊通过重力沉降进入沉积
物，当海域环境恢复后，休眠性孢囊可萌发为营养细胞并大量增殖，从而导致赤
潮周而复始。 
1.1.1 我国赤潮灾害频繁爆发 
2006-2015 年，我国沿海海域爆发的赤潮灾害情况如表 1-1 所示。可以看出，
近十年间，赤潮在我国海域平均每年爆发 64 次，年平均累计面积达 9840 平方千
米，给沿海省份带来了巨大的经济损失。特别是 2012 年 5-6 月，在福建沿海连
续爆发了 10 次赤潮，优势种均为米氏凯伦藻，造成了福建水产养殖贝类的大面
积死亡，直接经济损失达 20.11 亿元[3]。我国海域赤潮物种分布广泛，主要包括
甲藻门、硅藻门、着色鞭毛藻门等，其中，甲藻门的比例最高，达到了 50.0%，
主要的赤潮藻种类包括东海原甲藻(Prorocentrum donghaiense)、米氏凯伦藻
(Karenia mikimotoi)、锥状斯氏藻 (Scrippsiella trochoidea)、塔玛亚历山大藻
(Alexandrium tamarense)、中肋骨条藻(Skeletonema costatum)等[4]。 
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